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SUMMARY

 

Leptin is a an adipocyte-secreted hormone that regulates weight centrally. However, the leptin receptor
is expressed not only in the central nervous system, but also in peripheral tissues, such as haematopoi-
etic and immune systems. Therefore, the physiological role of leptin should not be limited to the reg-
ulation of food intake and energy expenditure. Moreover, the leptin receptor bears homology to
members of the class I cytokine family, and recent data have demonstrated that leptin is able to mod-
ulate the immune response. Thus, the leptin receptor is expressed in human peripheral blood mononu-
clear cells, mediating the leptin effect on proliferation and activation. 

 

In vitro

 

 activation and HIV
infection 

 

in vivo

 

 induce the expression of the long isoform of the leptin receptor in mononuclear cells.
Also, leptin stimulates the production of proinflammatory cytokines from cultured monocytes and
enhances the production of Th1 type cytokines from stimulated lymphocytes. Moreover, leptin has
a trophic effect on monocytes, preventing apoptosis induced by serum deprivation. Leptin stimu-
lation activates JAK–STAT, IRS-1-PI3K and MAPK signalling pathways. Leptin also stimulates Tyr-
phosphorylation of the RNA-binding protein Sam68 mediating the dissociation from RNA. In this way,
leptin signalling could modulate RNA metabolism. These signal transduction pathways provide possible
mechanisms whereby leptin may modulate activation of peripheral blood mononuclear cells. Therefore,
these data support the hypothesis regarding leptin as a proinflammatory cytokine with a possible role
as a link between the nutritional status and the immune response. Moreover, these immunoregulatory
functions of leptin could have some relevance in the pathophysiology of obesity.
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INTRODUCTION

 

Leptin, the 16-kDa non-glycosylated protein product of the 

 

ob

 

gene [1], is a hormone synthesized mainly in adipose cells [2] to
regulate weight control in a central manner, via its cognate recep-
tor in the hypothalamus [3]. Leptin can also be expressed at lower
levels in other tissues, such as the placenta and stomach [4,5]. Lep-
tin is released into the circulation, and plasma levels correlate
with total body fat mass [6]. When leptin is administered to lean
or 

 

ob

 

/

 

ob

 

 (leptin-deficient) mice it increases the basal metabolic
rate and reduces food intake, leading to weight loss [7–9]. On the

other hand, there is increasing evidence that leptin has systemic
effects apart from those related to energy homeostasis, including
regulation of neuroendocrine, reproductive, haematopoietic and
immune function [10].

The primary amino acid sequence of leptin indicates that it
could belong to the long-chain helical cytokine family [11], such as
IL-2, IL-12 and GH. In fact, leptin receptor (Ob-R) shows
sequence homology to members of the class I cytokine receptor
(gp130) superfamily [12], that includes the receptor for IL-6,
leucocyte inhibitory factor and granulocyte colony-stimulating
factor. Moreover, Ob-R has been shown to have the signalling
capabilities of IL-6-type cytokine receptors [13]. Ob-R expression
is not limited to the hypothalamus, but is distributed widely
[12,14]. Thus, Ob-R is found in haematopoietic cells [15]. In this
context, a role for leptin in haematopoiesis and the immune sys-
tem at the stem cell level has been proposed [16].
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Obese leptin-deficient 

 

ob

 

/

 

ob

 

 mice and 

 

db

 

/

 

db

 

 mice, in which
the leptin receptor is truncated, display immune dysfunction and
lymphoid organ atrophy, affecting thymic size and cellularity sim-
ilar to that observed in starved animals and malnourished humans
[17–19]. Thus, they have reduced levels of peripheral T and B cells
[17], suggesting that leptin may have a role in lymphopoiesis. Lep-
tin protects mice from starvation-induced lymphoid atrophy and
increases thymic cellularity in 

 

ob

 

/

 

ob

 

 mice [18]. Moreover, human
leptin deficiency caused by a missense mutation also produces
immune system dysfunction [20]. Leptin can induce proliferation,
differentiation and functional activation of haematopoietic cells,
and this function may explain the role of adipose tissue present in
the marrow cavity [16].

Leptin enhances cytokine production [granulocyte-macro-
phage colony-stimulating factor (GM-CSF) and G-CSF] in
murine peritoneal macrophages [21], and phenotypical abnormal-
ities have been found in macrophages from leptin-deficient obese
mice [22]. Furthermore, leptin up-regulates both phagocytosis
and the production of proinflammatory cytokines by murine mac-
rophages [23]. In this context, an immunoregulatory role of leptin
on macrophage function as a proinflammatory signal has gained
physiological importance because inflammatory cytokines
[tumour necrosis factor-alpha (TNF-

 

a

 

) and interleukin-1 (IL-1)]
can raise mouse leptin levels 

 

in vivo

 

, resulting in anorexia and
weight loss [24], although leptin has not been proved to be the
main signal for the anorectic effects of inflammation. Neverthe-
less, a role for leptin regulating immunity, inflammation and
haematopoiesis has been accepted [25].

In this review we summarize our recent results in leptin mod-
ulation of immune cells from peripheral blood in man and the sig-
nalling pathways activated by the leptin receptor (Ob-R) that
may mediate leptin action in human peripheral blood mononu-
clear cells.

 

LEPTIN ACTIVATION OF HUMAN PERIPHERAL 
BLOOD MONOCYTES

 

Leptin has been demonstrated to modulate monocyte-machroph-
age function and to regulate proinflammatory response [22–24].
Moreover, leptin has been shown previously to enhance cytokine
production (GM-CSF and G-CSF) by murine peritoneal mac-
rophages [21]. In this context, human leptin has been shown to
stimulate 

 

in vitro

 

 proliferation of human peripheral blood mono-
nuclear cells in a dose-dependent manner [26]. Thus, the prolifer-
ative effect of leptin has been assessed by [

 

3

 

H]thymidine and
bromodeoxyuridine incorporation (with flow cytometry analysis)
at 48 h incubation. The effect of leptin is comparable to that
produced by lipopolysaccharide (LPS) (10 ng/ml) or phorbol
myristate acetate (PMA) (1 ng/ml). Maximal effect is observed at
10 n

 

M

 

 leptin, but a significant effect can be obtained at 0·1 n

 

M

 

 lep-
tin. Whether the proliferative effect of leptin is direct or mediated
by the increase in the production of cytokines, as observed previ-
ously in murine peritoneal macrophages [21], is a question that
remains to be investigated. Nevertheless, a direct effect of leptin
providing a proliferative signal in haematopoietic cells at the level
of multi-lineage progenitor has been shown previously [16].

Leptin stimulation of monocytes has been also checked by
measuring thre expression of surface activation markers by flow
cytometry: CD25 (IL-2 receptor), HLA-DR, CD38, CD71 (trans-
ferrin receptor), CD11b and CD11c [27–29]. Human leptin
(10 n

 

M

 

) stimulates the basal expression of CD38, and this effect is

comparable to that produced by LPS (10 ng/ml). Moreover, leptin
increases dose-dependently the expression of other markers after
72 h culture: CD25 and CD71 [26]. Leptin also enhances dose-
dependently the expression of other activation markers that were
already present at high levels in non-stimulated monocytes
(HLA-DR, CD11b and CD11c). This effect is comparable to that
produced by 10 ng/ml LPS. The possible contamination of the lep-
tin obtained from recombinant sources (endotoxin) was ruled out
by using polymyxin B, which blocks the interaction of CD14 with
LPS. Thus, polymyxin B prevented the effect of of LPS but not
that of leptin.

Human leptin also induces the expression of the short-term
(12 h incubation) activation marker CD69 in human monocytes
[30,31]. Maximal effect is obtained at 100 n

 

M

 

, but a significant
effect was observed at 0·1 n

 

M

 

. Also, leptin potentiates the effect of
different submaximal concentrations of LPS and PMA on CD69
expression. These data are consistent with those obtained for long-
term markers and suggest a direct activation effect of leptin on cir-
culating monocytes. Overall, these findings provide a mechanism
whereby leptin may have a role in proinflammatory responses.

 

LEPTIN STIMULATES CYTOKINE PRODUCTION BY 
HUMAN CIRCULATING MONOCYTES

 

Leptin, in addition to the stimulating effect on monocyte activa-
tion and proliferation, is able to induce the expression of mono-
cyte cytokines IL-6 and TNF-

 

a

 

 [26,32] after 6 h culture, and leptin
has been shown previously to enhance cytokine production (GM-
CSF and G-CSF) by murine peritoneal macrophages [21].

The effect of human leptin on monocytes is comparable to
that of 10 ng/ml LPS and 1 ng/ml PMA [26]. The effect is depen-
dent on the dose, and maximal effect is achieved at 100 n

 

M

 

 leptin.
Leptin potentiates the effect of submaximal concentrations of
LPS (1 ng/ml) or PMA (0·1 ng/ml) [26]. Because LPS administra-
tion in mice increases leptin expression and circulating leptin
levels these effects of leptin may be physiologically important,
functioning as an amplification signal for monocyte activation
[24].

Therefore, leptin seems to be a potent stimulatory hormone
on human peripheral blood monocytes, suggesting strongly that it
may have a role as a proinflammatory cytokine.

 

LEPTIN ACTIVATION OF HUMAN PERIPHERAL 
BLOOD LYMPHOCYTES

 

Leptin has been found to modulate T lymphocyte function in mice
[17], but human leptin alone is not able to activate human periph-
eral blood lymphocytes 

 

in vitro

 

 [33]. However, when T lympho-
cytes are co-stimulated with PHA or concanavalin A (Con A),
leptin enhances the proliferation and activation of cultured T
lymphocytes [33]. Thus, leptin stimulates dose-dependently the
expression of CD25 and CD71 in both CD4 and CD8 T cells co-
stimulated with submaximal concentrations of PHA (2 mg/ml) or
Con A (4 mg/ml) at 48 h culture. Similar dose–response curves
can be obtained for CD25 and CD71. Maximal effect is obtained
at 10 n

 

M

 

 leptin, with an ED

 

50

 

 of about 0·1 n

 

M

 

 for CD4 and 0·2 n

 

M

 

for CD8 T lymphocytes [33]. However, when maximal concentra-
tions of PHA and Con A are used, leptin has no further effect.
These effects of leptin are observed even in the absence of mono-
cytes, suggesting a direct effect of human leptin on circulating T
lymphocytes.
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The expression of the early activation marker CD69 in T lym-
phocytes after 12 h culture is also enhanced by human leptin when
only submaximal concentrations of PHA and Con A were used.
Thus, leptin alone has no effect on CD69 expression. The same
results are obtained in the absence of monocytes, further suggest-
ing a direct effect of leptin on T lymphocytes [33].

Human leptin also the enhances proliferative effect of sub-
maximal concentrations of PHA or Con A in monocyte-depleted
lymphocytes. Maximal effect is obtained at 10 n

 

M

 

 leptin and the
ED

 

50

 

 is 0·5 n

 

M

 

. However, human leptin has no effect when lym-
phocytes are co-stimulated with maximal concentrations of PHA
(10 mg/ml) and Con A (8 mg/ml).

On the other hand, very recent data have shown that leptin
modulate differentially proliferation of T cells stimulated with
anti-CD3. Thus, leptin seems to inhibit proliferation of memory T
cells, whereas it enhanced markedly that of naive cells [34], sug-
gesting further complexity in the actions of leptin on the immune
system.

 

LEPTIN ENHANCES TH1-TYPE CYTOKINE 
PRODUCTION BY HUMAN T LYMPHOCYTES

 

Human leptin not only modulates the activation and proliferation
of human T lymphocytes but also enhances cytokine production
induced by submaximal concentrations of PHA (2 mg/ml). The
effect of leptin on lymphocyte function has been assessed by
intracellular immunostaining of cytokines using an inhibitor of
secretion and flow cytometry analysis [33,35]. Human leptin
enhances the production of IL-2 and IFN-

 

g

 

 in stimulated T lym-
phocytes. Maximal effect of leptin was observed at 10 n

 

M

 

 and the
dose–response curve showed an ED

 

50

 

 of 0·5 n

 

M

 

 [33].
Leptin has been shown to enhance cognate T cell response,

skewing cytokine responses towards a Th1 phenotype in mice
[17]. The results confirm these effects in non-cognate human T
lymphocytes activation [33]. Therefore, leptin seems to be a
modulator (enhancer) of T lymphocyte stimulation with a shift
towards a Th1 cytokine-production profile. These data are in
agreement with the recent observation of the leptin effect on anti-

CD3 stimulation of T cells, which increases the production of the
proinflammatory cytokine interferon-

 

g

 

 [34].
These data concerning leptin modulation of Th1 type cytokine

production are consistent with the observed effects stimulating
TNF-

 

a

 

 and IL-6 production by monocytes, suggesting further the
possible physiological role of leptin as a proinflammatory signal.
Figure 1 depicts schematically the possible role of human leptin in
the regulation of the immune system inducing a proinflammatory
response.

 

LEPTIN RECEPTOR ACTIVATES THE JAK–STAT 
SIGNALLING PATHWAY IN PERIPHERAL BLOOD 

MONONUCLEAR CELLS

 

The presence of the leptin receptor in monocytes and lympho-
cytes has been shown previously in mice [17,23]. The presence of
both the short and long isoforms of the leptin receptor has been
confirmed in human peripheral blood T lymphocytes (both CD4
and CD8) by Western blot and flow cytometry analysis [33].

Functional data suggest that Ob-R is a member of the class I
cytokine receptor superfamily [12,36]. Thus, similar to other
receptors of this class, Ob-R lacks intrinsic tyrosine kinase activity
but requires activation of receptor-associated kinases of the Janus
family (JAKs) [37], which initiate downstream signalling includ-
ing members of the STAT (signal transducers and activators of
transcription) family of transcription factors [13,38]. After ligand
binding, JAKs autophosphorylate and tyrosine phosphorylates
various STATs. Activated STATs by leptin stimulation in the
hypothalamus dimerize and translocate to the nucleus, where spe-
cific gene responses are elicited [38,39]. In this context, we have
studied the JAK–STAT signalling pathway triggered by leptin
stimulation in human peripheral blood mononuclear cells [40].

To study the activation of JAK kinases by leptin receptor in
human peripheral blood mononuclear cells they were stimulated
with human leptin, and phosphorylation of immunoprecipitated
JAK proteins was analysed by antiphosphotyrosine immunoblot.
For immunoprecipitation, antibodies against JAK-2 and JAK-3

 

Fig. 1.

 

Model of leptin modulation of the immune system. Leptin directly activates monocytes and further activates co-stimulated T cells,
inducing a Th1 response which amplify the proinflammatory response.
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were used. A phosphorylated band corresponding approximately
to 120 kDa is detected in both immunoprecipitates in response to
10 n

 

M

 

 leptin. The effect is transient (5–20 min), and maximal acti-
vation of JAK-2 and JAK-3 is observed after 5 min of incubation.
Moreover, both JAK isoforms are associated physically with the
leptin receptor, as assessed by co-immunoprecipitation of the
receptor and JAK-2 or JAK-3. The association is constitutive, as it
occurs both in the absence and presence of the ligand. Preassoci-
ation of JAK proteins with cytokine receptors has been described
for other members of the family [41], and for the leptin receptor
itself with JAK-2 [37]. The relative contribution of each JAK iso-
form in leptin receptor signalling in human peripheral blood
mononuclear cells, however, remains to be assessed.

The possible activation of STAT-3 by human leptin in mono-
nuclear cells has been also studied at different time-points.
Tyrosine phosphorylation of STAT-3 is observed in reponse to
10 n

 

M

 

 human leptin. The effect is maximal at 10 min. At this time,
the effect of leptin is dependent on the dose. Maximal effect is
achieved at 10 n

 

M

 

 leptin, but a significant effect can be observed
at 0·1 n

 

M

 

 leptin. Another band corresponding to a 70-kDa
tyrosine phosphorylated protein is also present in the antiphos-
photyrosine immunoblots. Because it has been shown that the
RNA binding protein Sam68 [42,43] is Tyr-phosphorylated in
stimulated lymphocytes and then associates with various SH2
domain containing proteins [44–47], the identity of the 70 kDa
phosphorylated protein was assessed by specific immunoprecipi-
tation and antiphosphotyrosine immunoblot. Thus, human leptin
stimulates time-dependently Tyr-phosphorylation of Sam68. Max-
imal effect can be observed at 10 min, but is still significant after
30 min incubation. At 10 min incubation, the effect of human lep-
tin is dose-dependent. Thus, maximal effect is observed with
10 n

 

M

 

 leptin, but some effect is observed with a much lower leptin
concentration (0·1 n

 

M

 

). A higher band corresponding to a
tyrosine phosphorylated protein of about 85 kDa can also be
observed in the immunoblots of anti-Sam68 immunoprecipitates.

The molecular weight of this protein is consistent with the
expected migration of STAT3, indicating the possible association
of Sam68 with STAT3. To assess the leptin-mediated association
of Sam68 with STAT-3, both proteins were immunoprecipitated
and the the co-precipitation of each protein was checked. Thus,
immunoprecipitation of Sam68 shows some STAT3 in response to
leptin, whereas immunoprecipitation of STAT3 consistently co-
precipitates Sam68. This effect is dependent on the dose of leptin,
and maximal effect is again observed at 10 n

 

M

 

.
Leptin has been shown to promote the translocation of

STAT-3 to the nucleus in the rat hypothalamus [38,39]. We have
shown that human leptin can also promote the translocation of
STAT-3 to the nucleus in human peripheral blood mononuclear
cells [40]. We incubated mononuclear cells with or without leptin
(10 n

 

M

 

) and looked for the presence of STAT-3 in the nucleus.
Some STAT-3 can be detected in nuclear lysates in basal condi-
tions, but a significant increase in the amount of STAT-3 is found
in the nuclear extract from cells stimulated with human leptin
(10 n

 

M

 

) for 15 min. Other STAT isoforms (STAT-1, STAT-5,
STAT-6) have also been shown to be activated by the leptin
receptor, although only in transfected systems [48,49]. However,
other STAT forms have not been assayed in lymphocytes and
therefore we cannot rule out the possible implication of STATs
other than STAT-3. Nevertheless, STAT-3 is the only STAT that
has been shown to be activated by leptin in the hypothalamus
[50]. Moreover, the activation of STAT-3 by leptin stimulation
has been confirmed recently in a murine macrophage cell line
[51].

Most members of the cytokine family of receptors stimulate
tyrosine phosphorylation of STAT proteins by activating JAK
kinases, which are associated with the intracellular part of the
transmembrane receptor [52,53]. The binding of the ligand with
this kind of receptor promotes the dimerization of the receptor
and activation of JAK, which autophosphorylates and tyrosine
phosphorylates the receptor and STAT proteins. This sequence of

 

Fig. 2.

 

Leptin receptor signalling via JAK–STAT pathways in PBMC. The leptin receptor is associated with JAKs. Upon leptin stimulation,
JAK activity is increased and STAT-3 is tyrosine phosphorylated, dimerized and translocated to the nucleus to activate gene expression.
STAT-3 is also associated with tyrosine phosphorylated Sam68 in response to leptin.
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events has already been demonstrated for the leptin receptor,
both 

 

in vivo

 

 [38,39,50,54] and in transfected cells [13,37,48]. A
schematic representation of this signalling of the leptin receptor
in mononuclear cells is shown in Fig. 2.

 

THE LEPTIN RECEPTOR ACTIVATES THE PI3K AND 
MAPK SIGNALLING PATHWAYS IN PERIPHERAL 

BLOOD MONONUCLEAR CELLS

 

Different pathways in addition to STATs are known to be
involved in leptin receptor signalling in a similar way to other
members of the cytokine family. Thus, leptin has been shown to
activate mitogen-activated protein kinase (MAPK) [55–58] and
phosphatidylinositol 3-kinase (PI3K) [49,59,60].

Tyrosine phosphorylation of the activated leptin receptor has
already been reported in other systems [37,55]. In human blood
mononuclear cells, we have also found that human leptin stimu-
lates tyrosine phosphorylation of the long form of the leptin
receptor [61], as assessed by immunoprecipitation with an anti-
body against the C-terminus of the protein and immunoblotting
with antibodies against phosphotyrosine. This effect is dependent
on the dose at 5 min incubation. Maximal phosphorylation can be
observed with 10 n

 

M

 

 leptin.
Previous studies have shown that leptin activates PI3K in

myotubes, 

 

b

 

-cells and hepatocytes [49,59,60,62]. This PI3K path-
way has also been explored in peripheral blood mononuclear cells
(PBMC) in response to human leptin. Thus, PI3K activity associ-
ated with tyrosine phosphorylated proteins is found to be
increased more than threefold after 10 n

 

M

 

 leptin stimulation [61].
PI3K activation is regulated by the association of tyrosine phos-
phorylated proteins with the SH2 domains of p85 [63]. Thus, in
response to leptin, a band corresponding to the molecular mass of
the insulin receptor substrate-1 (IRS-1) and several bands of 60–
70 kDa are phosphorylated and associated with p85 in a dose–
response manner, similar to our previous data in response to insu-
lin [63,64]. Maximal response is observed at 10 n

 

M

 

 leptin and
5 min incubation time.

Because we have identified Sam68 previously [65] as one of
the 60–70 kDa proteins tyrosine-phosphorylated and associated
with p85 in response to insulin [66], the identity of these p85-
associated tyrosine phosphorylated proteins was analysed by spe-
cific immunoblotting with anti-IRS-1 and anti-Sam68 in antip85
immunoprecipitates. Leptin increased dose-dependently the asso-
ciation of IRS-1 and Sam68 with p85. However, we do not know
whether Tyr-phosphorylated Sam68 contributes to the increase in
PI3K activity along with IRS-1, or whether it is working only as a
docking protein. We know that leptin stimulates PI3K signalling
pathway in mononuclear cells, thereby providing some mecha-
nisms for the previously observed leptin activation of human
immune cells from peripheral blood [26,33].

Moreover, the effect of leptin on tyrosine phosphorylation of
these substrates has been demonstrated further by investigating
directly the leptin effect on tyrosine phosphorylation of IRS-1
and Sam68 in PBMC, by specific immunoprecipitation and
antiphosphotyrosine immunoblotting. Thus, leptin increases dose-
and time-dependently tyrosine phosphorylation of IRS-1 and
Sam68. Maximal effect is observed at 10 n

 

M

 

 leptin. Whether
leptin-stimulated tyrosine phosphorylation is mediated by JAK or
another kinase activity remains to be studied.

Tyrosine phosphorylation of Sam68 by the Src family kinase
p59fyn has been shown previously to regulate negatively its
association with RNA [67]. As leptin stimulation promotes the
tyrosine phosphorylation of Sam68 we sought to check the possi-
ble regulation of Sam68 association with RNA by leptin. Thus, we
used poly(U), as it has been shown previously that Sam68 binds
this polymer specifically [42,65]. Leptin stimulation of PBMC
inhibited the binding efficiency of Sam68 to poly(U), increasing
the tyrosine-phosphorylation level. This effect of leptin was also
dependent on the dose. The effect of leptin regulating the RNA
binding capacity of Sam68 may be involved in the post-transcrip-
tional modulation of RNA. In this way, Sam68 has been proposed
to provide the means for a rapid pathway to regulate protein
expression by modifying the mRNA stability and/or mRNA
translation. Moreover, Sam68 has been shown to interact with the
splicing-associated factor YT521-B in nuclear dots and this inter-
action is regulated by Tyr-phosphorylation [67]. Thus, Tyr-
phosphorylation of Sam68 by leptin stimulation could modulate
its association with the splicing machinery in a similar way to that
described for p59

 

fyn

 

, and in this way could influence splice site
selection. However, these hypotheses remain speculative until
investigated.

Because leptin has been found previously to activate MAPK
pathways in different systems [55–58], the activation of MAPK by
leptin in PBMC has also been assessed by studying its tyrosine/
threonine phosphorylation level, which reflects the activation of
MEK and, indirectly, all the MAPK pathways. Leptin stimulated
tyrosine/threonine phosphorylation of MAPK as assessed by spe-
cific immunoblot with the anti-doubly phosphorylated MAPK
antibody [61]. Both Erk-1 and Erk-2 were phosphorylated in
PBMC after 10 min incubation with human leptin. This effect of
leptin was dependent on the dose and maximal effect was
observed at 10 n

 

M

 

 leptin, and the level of phosphorylated MAPK
was decreased subsequently after 15–30 min incubation [61].

Leptin has been found previously to activate MAPK in dif-
ferent systems, mediating a proliferative response [55–58]. Nev-
ertheless, the possible implication of MAPK pathway in the
activation and proliferative effect of leptin on PBMC [26,33]
needs further investigation to demonstrate a direct link.

Figure 3 represents schematically these insulin-like signal
transduction pathways activated by the leptin receptor.

 

ACTIVATION OF PERIPHERAL BLOOD MONO-
NUCLEAR CELLS INDUCES THE EXPRESSION OF 
THE LONG ISOFORM OF THE LEPTIN RECEPTOR

 

Other cytokine receptors in mononuclear cells, such as the IL-2
receptor, respond to cell activation by increasing their expression
level [68]. In order to assess a possible regulation of the long iso-
form of leptin receptor in mononuclear cells by activation, we
have studied the expression of Ob-R by reverse transcription–
polymerase chain reaction (RT-PCR) and Western blot in PBMC
activated 

 

in vitro

 

 by lectins (PHA and ConA), and 

 

in vivo

 

 in HIV-
infected patients [69]. We have found that 

 

in vitro

 

 activation with
lectins and 

 

in vivo

 

 HIV infection correlates with an increase in the
leptin receptor expression in PBMC. Considering the stimulatory
activity of leptin in PBMC, this effect of activation on leptin
receptor expression may be useful as a positive feedback. In this
context, lymphocytes have been shown to respond to leptin only
when co-stimulated with either PHA or Con A [33], whereas
monocytes can be activated directly by leptin. Therefore, the
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necessity of lymphocytes for co-stimulation may be explained
partly by this effect of activation, increasing leptin receptor
expression. These data suggest that the leptin receptor may be
regulated in a similar way to other cytokine receptors, such as the
IL-2 receptor [68].

One of the first signalling steps in leptin receptor activation is
its tyrosine phosphorylation [37,55,61]. Thus, the phosphorylation
level of the leptin receptor as a test for receptor activation can be
used. However, even though the leptin receptor level was up-
regulated in PBMC by lectin stimulation, it did not show any
increase in tyrosine phosphorylation [69].

On the other hand, we also checked the leptin receptor
expression under some 

 

in vivo

 

 conditions that result in PBMC
activation, such as HIV infection. Thus, infection with HIV has
been associated with elevated IL-6 levels and production [70,71],
and activation of lymphomonocytes is one of the hallmarks of
HIV infection [72,73]. In this context, we have found that PBMC
from HIV-infected subjects have increased expression of the lep-
tin receptor, in a similar way to 

 

in vitro

 

-activated PBMC from
healthy controls. Moreover, the leptin receptor is tyrosine phos-
phorylated in PBMC from HIV

 

+

 

 subjects, suggesting that leptin
receptor is not only up-regulated, but also activated. Because
PBMC from control donors have increased expression but not
activated leptin receptors when stimulated with lectins, a possible
explanation is that HIV infection in PBMC may itself induce the
activation of leptin receptor.

Although we do not know the role of leptin receptor in the
context of HIV infection, these results are consistent with the sug-
gested role of leptin modulating the immune response.

 

THE ROLE OF LEPTIN AS A TROPHIC FACTOR FOR 
MONONUCLEAR CELLS

 

An important property of many cytokines is the protection of
cells from apoptosis, i.e. promoting cell survival. Previous work by
others have shown that leptin increases the viability and attenu-
ates apoptosis of different cell types, such as osteoblasts, granu-
losa cells and pancreatic islet cells [74–76]. Moreover, very

recently leptin has been found to inhibit stress-induced apoptosis
of T lymphocytes 

 

in vivo

 

 [77]. This effect of leptin is consistent
with the reduction in lymphocyte numbers observed normally in
fasted and steroid-injected mice [78]. Therefore, leptin may con-
tribute to the recovery of immune suppression in malnutrition. In
this context, we have tested the possible effect of leptin on mono-
cyte survival and whether this effect was based on the anti-apop-
totic action of leptin, when monocytes are cultured in the absence
of serum [78]. Thus, leptin maintained the number of monocytes
after 4 days of serum-free incubation, allowing the survival of
monocytes. Similar to the action of many cytokines [79,80], the
effect of leptin on survival was mediated by the prevention of the
apoptosis process (both late and early events) in serum-free cul-
tured monocytes. Therefore, we have demonstrated that leptin
promotes dose-dependently survival of blood monocytes prone to
apoptosis by culture under serum deprivation, and physiological
concentrations of leptin (0·1–1 n

 

M

 

) are sufficient to exert this
effect. The effect of leptin on monocyte survival can be reversed
completely by blocking p42/44 MAPK activation employing the
MEK inhibitor PD98059, whereas it is not affected by PI3K inhi-
bition using wortmannin. Leptin promotes this survival effect by
preventing the apoptosis of monocyte cells via MAPK activation.
Thus, p42/44 MAPK inhibition using PD98059, but not PI3K inhi-
bition employing wortmannin, is able to block the protective
effect of leptin preventing apoptosis of monocytes cultured in the
absence of serum. These results are consistent with the recognized
role for the p42/44 MAPK pathway in the immune response in
general [81], and the anti-apoptotic signal in monocytes in partic-
ular [82].

These data support the hypothesis of a role of leptin as an
important trophic factor for blood monocytes.

 

LEPTIN AS A LINK BETWEEN ENERGY STORES AND 
THE IMMUNE SYSTEM

 

We believe that there is enough reported evidence on the immu-
nomodulatory effect of leptin to consider this hormone as an
important signal that regulates the immune response, with a spe-

 

Fig. 3.

 

Leptin receptor signalling via PI3K and MAPK in PBMC. Leptin stimulation promotes the tyrosine phosphorylation of the
intracellular domain of the leptin receptor, IRS-1 and Sam68, probably by JAK activation. The substrates IRS-1 and Sam68 associate with
p85, providing a molecular mechanism for PI3K activation. On the other hand, MAPK signalling cascade is also activated by leptin receptor
activation by some unknown mechanism.
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cial role in the up-regulation of inflammation. Thus, leptin could
be a link between nutritional status and the immune system. In
this context, low leptin levels found in malnourished infants have
been associated with suppression of the lymphoproliferative
response [83], and weight gain is followed by a significant increase
in circulating leptin levels in parallel with a significant increase in
Th1 activity [19], supporting further the role of leptin as a nutri-
tional sensor for the immune function. Very recently, this role of
leptin has been proved finally in humans by showing the beneficial
effect of leptin on T cell hyporesponsiveness of human congenital
leptin deficiency [20,84].

Therefore, leptin is the signal that connects the energy stores
with the immune system, and may play a role in the immunosup-
pression of starvation. In fact, the restoration of leptin to normal
levels in feeding after starvation is achieved before the body fat
returns to normal content, but is sufficient to ameliorate the
immune response [83]. On the other hand, leptin levels fall rap-
idly with starvation before body fat depletion, but producing
impairment of the immune system [6]. Thus, leptin administration
can restore the immune response towards normal in starved ani-
mals [17,18]. Therefore, leptin seems to be a signal for the adap-
tation of starvation, saving energy for muscle and brain activity.
On the other hand, leptin could have played a role in selection,
helping the better-nourished to survive under starving conditions
and making the starved individuals more prone to die from infec-
tion. On the contrary, an excess of leptin levels that correlates
with overweight in obese subjects may play a role in pathological
conditions mediated by an excess of immune response.

 

PATHOPHYSIOLOGICAL IMPLICATIONS

 

In addition to the putative physiological role of leptin in the mod-
ulation of the immune response, there is increasing evidence sug-
gesting that leptin may have a role in some immunologically
mediated pathophysiological conditions. Thus, leptin has been
proved to be necessary for T cell-mediated hepatotoxicity [19]
and liver fibrosis [85,86] as well as the induction and progression
of autoimmune encephalomyelitis [87,88], intestinal inflammation
[89] or experimental arthritis [90]. Although most results have
been found in mice, elevated leptin levels, along with other proin-
flammatory cytokines, have been associated with an increased risk
for coronary heart disease [91] and type II diabetes [92,93], prob-
ably participating in the immunological activation involved in the
pathogenesis of these syndromes. Human leptin has also been
related to plasma cytokines in acute pancreatitis [94], sepsis and
septic shock [95]. In fact, leptin could be the link connecting the
thrifty and the cytokine genotype/phenotype (naturally prone to
fat deposit with insulin resistance and high proinflammatory
response), which has been suggested to be evolutionarily related
[96]. Thus, chronic inflammation may be a trigger for chronic insu-
lin insensitivity [97]. In this context, obesity is a risk factor for type
II diabetes mellitus and atherosclerosis, and both complications
have been associated with inflammatory and T cell-mediated
immune responses [98,99]. Therefore, leptin may play a role in the
development of atherosclerosis and type II diabetes in the mod-
ern western lifestyle. Leptin, along with other cytokines such as
TNF-

 

a

 

 and IL-6, may thus contribute to the biochemical and clin-
ical features of the metabolic syndrome X (accelerated athero-
sclerosis associated with insulin resistance, glucose intolerance
and central obesity) [100]. In this context, leptin has been pro-
posed to play a role linking the increased incidence of autoim-

mune diseases in affluent countries with the increase of adipose
tissue in overweight and obese people so common in developed
societies [101].

Obesity is a pathological condition with increased leptin lev-
els. In this sense, central 

 

versus

 

 peripheral leptin resistance may
underlie the pathophysiology of obesity. Therefore, the study of
signal transduction pathways of the leptin receptor and their
alterations both at central and peripheral levels should contribute
to a better understanding of the physiological and pathophysio-
logical roles of leptin.
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